Sea surface imprints of 83 hurricanes show features such as eye structure, mesovortices, rainbands, and arc clouds, as well as rarities such as high winds within an eye.
The abstract for this article can be found in this issue
ver since the launch of the first generation of meteorological satellites in the 1960s, Atlantic tropical cyclones and western Pacific counterpart typhoons have been extensively monitored from operational polar-orbiting and geostationary satellite sensors. The striking tropical cyclone cloud pictures taken by these conventional weather satellites have appeared in many journal/magazine covers, newspapers, and television programs. These images are usually acquired by passive remote sensing instruments operating in the visible (Vis) and infrared (IR) bands.
What we view from these images is the cloud-top structure of the tropical cyclones at kilometer spatial resolution. However, the intense air-sea interaction near the ocean surface cannot be directly revealed by these Vis-IR satellite images. With the advance of spaceborne microwave remote sensing, microwave data are also used extensively for tropical cyclone analysis. The advantage of microwave data such as Special Sensor Microwave Imager (SSM/I) and Tropical Rainfall Measuring Mission (TRMM) imagery and Quick Scatterometer (QuikSCAT) and Advanced Scatterometer (ASCAT) scatterometer data is that they can see through most clouds and make operational measurements at the air-sea interface. The spatial resolution of these measurements is usually in the range of kilometers to tens of kilometers. In this study, we analyze a group of high-resolution images acquired by spaceborne synthetic aperture radar (SAR) to obtain even higher resolution. The main advantage of SAR over existing passive microwave imagery and scatterometer data is the high spatial resolution usually ranging from 10 to 100 m.
In 1978, the first spaceborne microwave SAR on board the National Aeronautics and Space Administration (NASA) Seasat was launched (e.g., Fu and Holt 1982) . Since then, tropical cyclones have also been observed on SAR images. A SAR sensor differs from Vis-IR sensors in that it is an active microwave radar that emits radar pulses that can penetrate through clouds. SAR then receives the radar backscatter, quantified by the physical value known as the normalized radar cross section (NRCS), from the ocean surface return-a process quite similar to the QuikSCAT scatterometer wind retrieval. As a result, a SAR image shows the sea surface imprint of a tropical cyclone, not a tropical cyclone cloud-top image. For a given radar position, look angle, and direction, NRCS is related to the surface roughness and is affected by sea surface winds (both direction and speed), rain roughening of the surface, waves, and other atmospheric and oceanic processes that modulate the sea surface Bragg wave and surface wave spectra (e.g., Valenzuela 1978) . While the imaged NRCS is also affected by attenuation and scattering by rain in the atmosphere (e.g., Nie and Long 2008) , the primary signal is from the surface. This allows us to extract information right at the air-sea boundary where the most intense air-sea interaction happens. Compared to conventional Vis-IR sensors, SAR has higher resolution (<100-m spatial resolution). Its swath (450 km for ScanSAR mode images) is usually large enough to cover an entire tropical cyclone. Another advantage is that microwave SAR can image the ocean surface under all weather conditions-day and night. With the increasing number of SAR satellites that have become available since the early 1990s, tropical cyclones are frequently observed in SAR images, such as those obtained from the European Space Agency's (ESA) Remote Sensing Satellite (ERS-1/-2) and Envisat satellites and the Canadian Space Agency's (CSA) Radarsat-1/-2 satellites, among others. The disadvantages of SAR are its data availability and high cost. As of 2012, there is no governmental operational SAR mission in space. However, operational SAR missions are being planned by both ESA (Sentinel-1) and CSA (Radarsat Constellation Mission), with five satellites scheduled for launch in the coming years. This constellation of operational SAR satellites will, for the first time, provide tropical cyclone researchers and forecasters with the timely access to SAR images necessary to stimulate broader and deeper investigation of tropical cyclones, especially at the air-sea boundary.
In the literature, extracting quantitative tropical cyclone information from SAR images has been a focus of several studies over the past decade. Scientists have tried to use limited SAR images acquired from different SAR missions to understand tropical cyclone eye structure, oceanic swell waves, wind rolls, and tropical cyclone wind speeds. Friedman and Li (2000) characterized the ocean surface response to tropical cyclone wind and rain from two Radarsat-1 SAR images covering Hurricane Bonnie (1998). Katsaros et al. (2000) analyzed four Radarsat-1 SAR hurricane images and discovered the 3-6-km wavelength roll vortices associated with the secondary circulations between the main rainbands of a hurricane. Li et al. (2002) detailed the refraction of hurricane-generated oceanic swell waves at the Gulf Stream north wall. Du and Vachon (2003) developed a wavelet technology to extract hurricane eye information from eight Radarsat-1 SAR images. Limited case studies by Horstmann et al. (2005) and Shen et al. (2006) showed the capabilities of using single-polarization Radarsat-1 SAR for high-resolution wind speed mapping with existing geophysical model functions (GMF). Yang et al. (2011) later showed that the wind retrieval accuracy is, however, highly sensitive to the NRCS calibration accuracy. The NRCS errors are from both SAR instrument calibration and from differences in receiving/processing infrastructure (i.e., different satellite ground stations and SAR processors). For high winds over 20 m s −1 , in storm or hurricane conditions, the 0.5-1.0-dB SAR calibration errors, which are comparable to the current Envisat and Radarsat-1 SAR instrument NRCS calibration errors, induce very large wind retrieval errors owing to the saturation of the SAR wind GMF. Recent studies (Vachon and Wolfe 2011; Zhang and Perrie 2012; Zhang et al. 2012) showed promising results by using low-noise-floor C-band polarimetric Radarsat-2 data for better wind estimation at high wind range. Reppucci et al. (2010) developed a tropical cyclone intensity retrieval method and applied it to a Hurricane Katrina (2005) image acquired by the ESA Envisat and then used five additional hurricane images to validate the results.
Sporadic case studies from previous research shed light on the potential of using SAR-derived information for tropical cyclone research, but the small number of case studies do not provide a complete view of the sea surface response to tropical cyclone wind forcing. As we analyze more SAR images, we often find inconsistencies from both an image segmentation/classification and a physical retrieval point of view indicating that the results from tropical cyclone case studies cannot be generalized. In this study, 161 Radarsat-1 SAR tropical cyclone images over a 10-yr span have been investigated. Among these, 73 contain complete tropical cyclone eye structure. We also acquired 10 Envisat SAR tropical cyclone images from ESA. In this study, we analyzed the 83 SAR tropical cyclone images to generate the first set of SAR-derived statistics on ocean surface
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FEBRUARY 2013 | response to tropical cyclones. The morphology of the tropical cyclone eye in terms of shape and size distribution is presented and discussed within the context of tropical cyclone dynamics. In addition, examples of detailed atmospheric phenomena generated within tropical cyclones-including eye/eyewall, rainband, boundary layer rolls, arc cloud, and mesovortices ( Fig. 1) The storm intensity data are obtained from the North Atlantic Hurricane Database (HURDAT) besttrack data for hurricanes and Japan Meteorological Agency Regional Specialized Meteorological Center, Tokyo (RSMC), best-track data for typhoons. The original RSMC wind data is a 10-min averaged measurement (Knapp and Kruk 2010) . In this study, the 6-hourly wind product is used. Both best-track datasets are ASCII (text) files containing the 6-hourly (0000, 0600, 1200, and 1800 UTC) center locations (latitude and longitude in tenths of degrees) and intensities (maximum 1-min surface wind speeds in knots and minimum central pressures in millibars) for tropical storms and hurricanes/typhoons. Among the 83 tropical cyclones captured at the SAR imaging time (not the maximum intensity the tropical cyclones reached during their life span), 1 is a tropical depression, 19 are tropical storms, 29 are category 1 hurricanes, 28 are category 2, 1 is category 3, 3 are category 4, and 2 are category 5 storms. This wide range of intensities allows us to investigate how the shape and size of the tropical cyclone eye as observed in the SAR images relate to the intensity of a storm. We list all basic characteristics of these cyclones derived from the SAR images in Table 1 .
TROPICAL CYCLONE EYE MORPHOLOGY AND DYNAMICS.
Understanding the asymmetric dynamics of intense vortices such as tropical cyclones is crucial for understanding the physical mechanisms that control vortex evolution and intensity change. During the past decades, asymmetric processes near and within the core of tropical cyclones have been extensively studied in numerical simulations (e.g., Schubert et al. 1999; Nolan and Montgomery 2000; Kossin et al. 2002; Yang et al. 2007; Rozoff et al. 2009 ). Observational studies (e.g., Reasor et al. 2000; Kossin and Eastin 2001; Kossin and Schubert 2004; Aberson et al. 2006; Reasor et al. 2009 ) also documented the important role of asymmetric vorticity dynamics in explaining some of the physics of tropical cyclone intensity change. The SAR images listed in this study provide us a new tool for investigating the asymmetric structure of the tropical cyclone eye and/or eyewall.
The sea surface imprint of tropical cyclones as depicted in SAR images have similarities to the depiction of these storms in Vis-IR cloud images but with much higher resolution. However, we remind the reader that the SAR images are of the surface | NRCS while Vis-IR images are optical images of the cloud tops. Figure 2 illustrates a number of cyclone eyes. High winds and rain result in brighter NRCS around the eye, which is darker because of lower winds. There are different shapes of tropical cyclone eyes as shown in Fig. 2 . To quantify if the azimuthal wavenumber of the tropical cyclone eye is related to the intensity, we first determine the azimuthal wavenumber for each SAR image. The wavenumber analysis is both quantitative and subjective, based on the shape of the eye. We define an eye of circular shape with concentric eyewall as wavenumber 0 (Fig. 3a) . The circular eye with asymmetric eyewall as determined from the SAR image is regarded as wavenumber 1 (Fig. 3b) . The elliptical-shaped eye is defined as wavenumber 2 (Fig. 3c) . The triangular-shaped eye is defined as wavenumber 3 (Fig. 3d) . The square-or rectangular-shaped eye is defined as wavenumber 4 (Fig. 3e) , and an eye shaped like a pentagon is defined as wavenumber 5 (Fig. 3f) . The above definition of the low-wavenumber asymmetry is consistent with previous studies (e.g., Reasor et al. 2000; Kossin et al. 2002) . It is shown that a majority of data exhibit wavenumber 1 and 2 asymmetries in the eye, suggesting that the nature of the inner-core asymmetry is dominated by these two wavenumbers. The azimuthal wavenumbers of the eye asymmetry are plotted as a function of the storm intensity in Fig. 4a . It appears that there is a tendency for an increase in wavenumber as the tropical cyclone intensity decreases. This relationship suggests that stronger storms tend to be more symmetric in the eye.
While the shape of the tropical cyclone eye is a good indication of dynamics related to asymmetric processes and intensity change, the size of the eye can also be an important factor for intensity change. Previous theoretical and numerical studies have tried to understand why and how the tropical cyclone eye is dynamically and thermodynamically formed and how the eye interacts with the eyewall and the circulation in the outer core region (e.g., Smith 1980; Shapiro and Willoughby 1982; Willoughby 1990) . While the size of the eye varies from storm to storm, it is observed that the eye usually contracts during the intensification process. However, the determination of which factors determine the eye size is still an open question. Since the SAR image can detect the structure of a storm through clouds, it provides a good estimate of the size of the eye, and has the potential to improve the understanding of eye size variability. In measuring the size of the eye, we first manually select the high NRCS gradient at the tropical cyclone eye boundary and then calculate the low NRCS area in the center of the storm based on its geometric shape. The sizes of the eyes from all the images are calculated and are listed in Table 2 . It appears that the size of the eye ranges from hundreds to thousands of square kilometers, with a majority of the values less than 1,000 km 2 . When relating the eye size to the storm intensity, we found that stronger storms tend to have a smaller eye (Fig. 4b) . This result is consistent with Kimball and Mulekar (2004) , who found that the eye size as measured by aircraft and satellite data tended to decrease with increasing intensity for storms of category 2 and higher, although for weaker storms the sign of the relationship reversed (weaker systems had smaller eyes). Our finding is also consistent with a recent theoretical study on the effect of the size of the eye on tropical cyclone intensity by Shen (2006) . He argued that the potential intensity of a tropical cyclone is sensitive to the size of the storm, in terms of the relative dependence of the surface kinetic energy dissipation and the surface enthalpy flux on the area of the high wind region (i.e., the eyewall). A tropical cyclone with a smaller eye tends to develop into a stronger tropical cyclone because the reduction in eye size leads to the decrease of the area of high wind region, which lowers the kinematic Marks and Houze (1984) is the first known documentation with airborne Doppler data. Mesovortices were also sampled in Hurricane Isabel (Kossin and Schubert 2004; Aberson et al. 2006) , and analyzed by Reasor et al. (2009) in Guillermo. Such vortical features are also clearly evident in several recent high-resolution cloud-representing model simulations (e.g., Braun et al. 2006; Nolan et al. 2009) , and moreover in two-dimensional turbulence-resolving models (e.g., Shubert et al. 1999; Kossin and Schubert 2001) . The mesovortices are believed to be the result of a combined baratropic-baroclinic instability associated with the annulus of high potential vorticity near and within the eyewall cloud. Montgomery et al. (2006) presented unprecedented observational evidence that high-entropy air inside the low-level eye can sustain the storm at an intensity above that predicted by the potential intensity theory of Emanuel (1986) . They articulated that the eye/ eyewall mesovortices may be responsible for transferring the high entropy air from the low-level eye to the eyewall. As mentioned before, the use of SAR imagery provides the advantage of observing features through the clouds at very high spatial resolution. The mesovortex features when seen in a SAR image would provide extra evidence that such features do exist at low levels below the clouds. Although mesovortices were found in wellorganized cyclones, we also find they exist in much weaker cyclones. Among the 83 images, mesovortices are observed in three weaker cyclones with intensity ranging from tropical storm to category 2 (category 1 Erin, 11 September 2001; category 2 Kenneth, 2 2 S e p t e m b e r 2 0 0 5 ; Tropical Storm Bilis, 11 July 2006). An example showing mesovortices near the center of Tropical Storm Bilis is shown in Fig. 5 . Estimating the surface winds when the mesovortices occur compared to nonvortex cases will be a good research topic for the future. Examples are shown in Fig. 6 . The bright and dark patterns of rainbands are associated with a combination of five physical mechanisms that change the sea surface roughness (e.g., Bliven and Giovanangeli 1993; Lin et al. 2001) . These mechanisms are attenuation due to heavy rain, backscattering from rain drops in the air and ice particles, sea surface capillary waves induced by rain, damping of sea surface waves by rain-induced turbulence, and wind gusts. Different mechanisms will increase or decrease the NRCS measured by a SAR, depending on the observation geometry that varies over the image and the local wind/wave conditions (e.g., Nie and Long 2008) . The modulation of C-band NRCS from the first two mechanisms (attenuation and backscattering from rain drops in the air) is small for low rain rates, but can be significant at the high rain rates experienced in hurricanes. These are the primary mechanisms that make rainbands and arc clouds visible in hurricanes (Nie and Long 2007, 2008) . However, there is only limited qualitative understanding concerning which mechanisms dominate the NRCS signal in these SAR observations, as the rain rates are unknown. The variations in the rainband signature are thought to be the result of variations in attenuation and backscatter due to spatial variations in rain intensity coupled with the background wind-induced NRCS. Arc clouds are common features in midlatitude thunderstorms and mesoscale convective systems (MCSs), although they have only occasionally been noted in tropical cyclone (TC) environments in the past (e.g., Knaff and Weaver 2000) . It was not until recently that arc clouds have been reported to consistently form in the tropics in the periphery of these tropical disturbances and tropical cyclones, having been noticed in visible satellite images (e.g., Dunion et al. 2010) . The observed arc clouds have a length on the order of several hundred kilometers and a life span of several hours. Dunion et al. (2010) 
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FEBRUARY 2013 | suggested that arc clouds denote the presence of a density current that forms when dry middle-level (~600-800 hPa) air has interacted with precipitation. The convectively driven downdrafts in the vicinity of arc clouds can reach the surface/near surface. These downdrafts can bring cool and dry air to the boundary layer that helps stabilize the boundary layer and inhibits convection. It is hypothesized by Dunion et al. (2010) that the processes leading to the formation of arc cloud events can significantly impact an African easterly wave (AEW) or tropical cyclone-in particular, the relatively smaller and less developed systems. Among the 83 SAR images, we saw evidence of arc cloud features in two images (Typhoon Guchol and Hurricane Dean, shown in Figs. 6a and 6d) . Arc clouds are visible in the SAR NRCS images because of rain effects, both at the surface and in the atmosphere, with some contribution owing to modulation of the local winds by rain-induced wind downdraft (Nie and Long 2008) . Since we can estimate the surface wind speed from the SAR image, we can quantify how the arc clouds affect surface winds using future SAR images, especially multipolarization images, as well as possibly estimate the rain rate. Dunion et al. (2010) proposed that as the arc clouds move away from the convective core region, they tend to create low-level outflow in the quadrant/semicircle of the AEW or TC in which they form, countering the typical low-level inflow that is vital for TC formation and maintenance. Using the SAR images, we can try to test the above hypothesis.
Boundary layer rolls. Boundary layer (BL) rolls or "roll vortices" can have a significant influence on turbulent exchange of momentum, sensible heat, and moisture in the tropical cyclone BL, which is essential for hurricane maintenance and intensification (Zhang et al. 2008) . Foster (2005) has developed a theory for roll vortices in curved flow at high wind speeds, such as in hurricanes, suggesting that tropical cyclone BL rolls transport high-momentum air from the upper tropical cyclone BL downward (and low-momentum air from the lower tropical cyclone BL upward) and enhance the transport of air-sea flux. Most previous observational studies on rolls in the tropical cyclone BL to date have focused on land-falling storms (e.g., Wurman and Winslow 1998; Morrison et al. 2005) . At this point it remains unclear how frequently BL rolls occur in hurricanes, especially in open-ocean conditions. It is unclear too how tropical cyclone BL rolls modulate the mean and turbulence structure. SAR can provide useful information for identifying tropical cyclone BL rolls, because streak patterns in sea surface roughness can be explained by change in surface wind speed due to the formation of BL rolls (e.g., Alpers and Brümmer 1994; Foster 2005; Zhang et al. 2008 ). There are a number of SAR hurricane images that contain roll information in our database. An example is given in Fig. 7a . We extract a full-resolution subimage (Fig. 7b) and perform a fast Fourier transform (FFT) analysis (Fig. 7c) to show the spatial dimension (2-3 km) and orientation direction of the BL rolls within the hurricane. The BL rolls are found to be generally in line with the wind direction. These BL rolls are also related to boundary layer height, as they can be regarded as large eddies expanding the whole boundary layer. With the extensive dataset of SAR images summarized in this work, quantifying the frequency of occurrence, location relative to the storm center, and wavelength distribution of the tropical cyclone BL rolls becomes possible. Since more and more research aircraft missions are being conducted in both Atlantic and Pacific tropical cyclones, the chance to obtain SAR images coincident with aircraft observations is larger than before. Our future research activities will include searching for collocated SAR images and aircraft data collected by the National Oceanic and Atmospheric Administration (NOAA), Air Force, and other agencies to investigate the influence of rolls on the mean and turbulence structure in hurricanes, following the methodology described by Zhang et al. (2008) . It is believed that the effects of tropical cyclone BL rolls can be better understood and eventually parameterized with success in hurricane models through analyzing the concurrent flight-level, dropsonde, Doppler radar data and SAR images.
Storm patterns on land. Most of the tropical cyclone SAR images show conventional storm patterns over the ocean. However, there are a few SAR images that have revealed several interesting phenomena that are not well understood.
The first example is that two of the SAR images show that the storm systems partially cover the land surface (Fig. 8) . The 7 August 2003 (Fig. 8a) image shows category 3 Typhoon Etau over Kakeroma Island, Japan. One can clearly see the single eyewall as a bright circular pattern in the image. This eyewall shows a brighter pattern both over ocean and land (between the two "D"s in Fig. 8a) . The dark patterns (marked as D in Fig. 8a ) in the image also continue from ocean to the land. In addition, the low backscatter area shows a very well-defined typhoon eye over land.
Another example is shown in the 10 August 2006 category 5 Typhoon Saomai image covering the Fujian-Zhejiang coast of China (Fig. 8b) . The high spiral tropical cyclone wind pattern is visible over ocean. This storm pattern is continuous across the ocean-land boundary and remains the same structure over land. We believe that these NRCS signatures are due to radar scattering and signal attenuation from intense rain in the atmosphere, which is similar over land and ocean. With appropriate validation, the rain source for the signature can be tested since the NRCS signature will be horizontally displaced by the vertical height of the scattering and attenuation (Nie and Long 2008) . This will be a future project.
High wind observed within certain tropical cyclone eyes. Within tropical cyclone eyes, the wind speed is usually low, according to tropical cyclone dynamics (Smith 1980) . In general, lower NRCS corresponds to lower sea surface roughness and, thus, lower wind. Seventy nine out of the 83 SAR images in this study demonstrate low NRCS calm areas within tropical cyclone eyes. However, four images show abnormally higher NRCS within the eyes of these tropical cyclones (Fig. 9) than that of surrounding areas, indicating higher roughness regions within some tropical cyclone eyes. At the SAR imaging times of these four storms, the intensity varies from TS to categories 1, 2, and 5. Bright eyes appear on both Envisat and Radarsat-1 images. These may be due to rainfall within the eye, anomalously large wave-swell interaction, or abnormally high winds within the eye.
CONCLUSIONS.
Utilization of SAR imagery is a relatively new tool for tropical cyclone research and forecasting because of its limited coverage, lack of operational analysis tools, and high cost. All these impediments are in the process of being swept away. NOAA is implementing an operational SAR wind processing system. ESA and CSA will launch the Sentinel-1 and Radarsat Constellation Mission SAR missions in 2013-16. These missions will be operational and data will be free and open. It is important now to develop new capabilities to use SAR data for tropical cyclone research, as it shows detailed dynamical processes within the tropical cyclone system. This study demonstrates the advantage of SAR sensors for the imaging of finescale storm patterns on the sea surface beneath the storm clouds. We are able to view the actual ocean surface responses to the storm-forced winds. Different storm eye shapes are categorized and we find that stronger storms tend to be more symmetric in the eye shape. Examples of eye/ eyewall mesovortices are clearly presented because SAR has high spatial resolution (<100 m). Rainbands and arc clouds are all shown and discussed qualitatively. Quantitative studies will be carried out in the future together with measurements from airplane and in situ instruments. SAR images show a few unusual observations. One is that the storm pattern continues across the land-sea boundary. We conjecture that this is due to rain scattering and attenuation in the atmosphere. The other one is that higher NRCS values are observed within some storm eyes, which is usually believed to be a relatively calm area within the storm system. Possible explanations are rain, waves, and abnormally high wind. However, these phenomena cannot be addressed by SAR observation alone. With the increasing number of spaceborne SAR satellites in the next 2-3 years, we believe there will be more simultaneous observations of storm systems from different spaceborne, airborne, and in situ sensors to help researchers understand these phenomena.
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